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ABSTRACT 

We present results on the X-ray and optical/UV emission from the type IIP supernova (SN) 2006bp 
and the interaction of the SN shock with its environment, obtained with the X-Ray Telescope (XRT) 
and UV/Optical Telescope (UVOT) on-board the Swift observatory. SN 2006bp is detected in X-rays 
at a 4.5<7 level of significance in the merged XRT data from days 1 to 12 after the explosion. If the 
(0.2-10 keV band) X-ray luminosity of £0.2-10 = 0-8 ^ 0-4) x 10 39 ergs s _1 is caused by interaction 
of the SN shock with circumstellar material (CSM), deposited by a stellar wind from the progenitor's 
companion star, a mass-loss rate of M « 1 x 10~ 5 Mq yr _1 (w w /10 km s _1 ) is inferred. The mass-loss 
rate is consistent with the non-detection in the radio with the VLA on days 2, 9, and 11 after the 
explosion and characteristic of a red supergiant progenitor with a mass around « 12-15 Mq prior to 
the explosion. The Swift data further show a fading of the X-ray emission starting around day 12 
after the explosion. In combination with a follow-up XMM-Newton observation obtained on day 21 
after the explosion, an X-ray rate of decline £ x oc t~" with index n = 1.2 ± 0.6 is inferred. Since 
no other SN has been detected in X-rays prior to the optical peak and since type IIP SNe have an 
extended 'plateau' phase in the optical, we discuss the scenario that the X-rays might be due to inverse 
Compton scattering of photospheric optical photons off relativistic electrons produced in circumstellar 
shocks. However, due to the high required value of the Lorentz factor (« 10-100), inconsistent with 
the ejecta velocity inferred from optical line widths, we conclude that Inverse Compton scatterring is 
an unlikely explanation for the observed X-ray emission. The fast evolution of the optical/ultraviolet 
(1900-5500A) spectral energy distribution and the spectral changes observed with Swift reveal the 
onset of metal line-blanketing and cooling of the expanding photosphere during the first few weeks 
after the outburst. 

Subject headings: stars: supernovae: individual (SN 2006bp) — stars: circumstellar matter — X-rays: 
general — X-rays: individual (SN 2006bp) — X-rays: ISM — ultraviolet: ISM 
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1. INTRODUCTION 

SN 2006bp was discovered on April 9.6, 2006, with 
an apparent magnitude of 16.7 in unfiltcred 20-s CCD 
exposures using a 0.60-m f/5.7 reflector (Nakano & Ita- 
gaki 2006). Subsequent observations by Itagaki showed 
that the SN brightened rapidly between April 9.6 and 
9.8 UT. The non-detection in unfiltered ROTSE-IIIb ob- 
servations on April 9.15 UT (> 16.9 mag; Quimby et al. 
2006) give a likely explosion date of April 9, 2006. Based 
on the optical/UV colors (Immler, Brown & Milne 2006) 
observed with Swift and the detection of hydrogen and 
helium lines in ground-based optical spectra (Quimby 
et al. 2006), SN 2006bp was classified as a core-collapse 
type II SN. 

The optical/UV lightcurve established by Swift (this 
work) shows that SN 2006bp belongs to the class of 
type IIP SNe which are characterized by a prolonged 
'plateau' period of sustained optical flux (see Sec. 13. ip . 
This plateau phase results from recombination in the 
massive hydrogen envelopes (ft 2M Q H mass) of the 
progenitors. Most massive stars (w 8-25 Mq) become 
type II SNe, approximately 2/3 of which are type IIP 

16 Division of Physics, Mathematics, and Astronomy, California 
Institute of Technology, MS 105-24, Pasadena, CA 91125 
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(Heger et al. 2003) depending on the mass and metallic- 
ity. Due to the large masses of the progenitor stars and 
high abundance of type IIP SNe, they play a primary 
role in the formation of neutron stars. Such massive pro- 
genitor stars have strong stellar winds which can deposit 
significant amounts of material in their environments. As 
the outgoing SN shock runs through the CSM deposited 
by the stellar wind, large amounts of X-ray emission and 
radio synchrotron emission can be produced. Four of the 
26 SNe detected in X-rays to date 17 are type IIP: SNe 
1999em, 1999gi, 2002hh, and 2004dj (see Tables 1, 2 and 
references in Chevalier et al. 2006). Mass-loss rate esti- 
mates from the X-ray and radio observations are between 
a few xl0~ 6 to 10~ 5 M Q yr _1 (v w /10 km s -1 ), where 
v w is the pre-SN stellar wind velocity. 

In this paper we present the earliest observation and 
detection of a SN in X-rays to date, starting one day 
after the explosion. In addition to the Swift X-ray and 
a follow-up XMM-Newton X-ray observation, we discuss 
the broad-band spectral energy distribution during the 
early evolution (days to weeks) of SN 2006bp, as well as 
multi-epoch UV spectra obtained with Swift. 

2. OBSERVATIONS 
2.1. Swift UVOT Optical/UV Observations 

The Ultraviolet /Optical Telescope (UVOT; Roming 
et al. 2005) and X-Ray Telescope (XRT, Burrows et al. 
2005) on-board the Swift Observatory (Gehrels et al. 
2004) began observing SN 2006bp on April 10.54 UT. 
The HEASOFT 18 (version 6.1.1) and Swift Software 
(version 2.5, build 19) tools and latest calibration prod- 
ucts were used to analyze the data. 

The SN was detected with the UVOT at R.A. = 
Ilh53m55s.70, Deck = +52°2lT0'.'4 (equinox 2000.0), 
with peak magnitudes of V = 15.1, B = 15.4, U = 14.5, 
UVW1 [216-286 nm FWHM] = 14.7, UVM2 [192- 
242 nm] = 15.1, and UVW2 [170-226 nm] = 14.8. Sta- 
tistical and systematic errors are 0.1 mag each. 

Based on the UVOT photometry and V — B and B — U 
colors, the SN was classified as a young type II event 
(Immler, Brown & Milne 2006). The classification was 
confirmed by Hobby-Eberly Telescope (HET) spectra 
taken on day 2, showing a blue continuum and a nar- 
row absorption line at 592 nm, consistent with Na I in 
the host galaxy NGC 3953 rest frame (z = 0.00351, Ver- 
heijen & Sancisi 2001), a narrow emission line consis- 
tent with rest-frame Ha, a broad absorption line around 
627 nm, and a narrow but slightly broadened emission 
line at 583 nm (Quimby et al. 2006). 

Thirty-five individual exposures were obtained be- 
tween April 10.54 UT and May 30.45 UT (see Table 1 
for an observation log). Assuming an explosion date of 
April 9, the observations correspond to days 1-51 after 
the explosion. 

Swift optical, UV, and X-ray images of SN 2006bp and 
its host galaxy NGC 3953 (Hubble type SBbc; NED) 
are shown in Fig. 1. The UVOT 6-filter lightcurve of 
SN 2006bp is given in Fig. 2. 
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17 see http://lheawww.gsfc.nasa.gov/users/immler/supernovac_list 
for a complete list of X-ray SNe and references 

18 http:/ /heasarc. gsfc.nasa.gov/docs/software/lheasoft/ 



Note. (1) Swift sequence number; (2) Date in units of 

Universal Time (UT); (3) X-Ray Telescope (XRT) exposure time 
in units of s; (4) Ultraviolet/Optical Telescope (UVOT) exposure 
time in units of s. 

The UVOT includes two grisms for obtaining spectra in 
the UV and visible bands. The UV grism has a nominal 
wavelength range of 1800—2900 A, while the V grism has 
a wavelength range of 2800-5200 A. The UV grism also 
records spectra in the 2900-4900 A range, but at half the 
sensitivity of the V grism, and with the possibility of con- 
tamination by second order overlap. We obtained six UV 
grism spectra and one V grism spectrum of SN 2006bp. 
The four earlier grism observations had moderate to se- 
vere contamination from the host galaxy and bright stars 
in the field and are not used in this study. The success- 
ful grism observations are shown in Fig. 3. A log of the 
observations is given in Table 2. 

2.3. Swift XRT Observations 

The Swift XRT observations were obtained simultane- 
ously with the UVOT and grism observations. X-ray 
counts were extracted from a circular region with an 
aperture of 10 pixel (24") radius centered at the position 
of the SN. The background was extracted locally from 
a source-free region of radius of 1' to account for detec- 
tor and sky background, and for a low level of residual 
diffuse emission from the host galaxy. 
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Fig. 1. — Swift optical, UV, and X-ray image of SN 2006bp and its host galaxy NGC 3953. Left-hand panel: Swift optical image, 
constructed from the UVOT V (750 s exposure time; red), B (1,966 s; green) and U (1,123 s; blue) filters obtained from 34 co-added 
images taken between 2006-04-10.54 UT and 2006-05-30.45 UT. The optical images are slightly smoothed with a Gaussian filter of 1.5 pixel 
(FWHM). The position of SN 2006bp is indicated by a white circle of 10 arcsec radius. The size of the image is 6.5 arcmin X 6.5 arcmin. 
Middle panel: The UV image was constructed from the co-added UVOT UVW1 (750 s exposure time; red), UVM2 (1,966 s; green) 
and UVW2 (1,123 s; blue) filters obtained between 2006-04-10.54 UT and 2006-05-30.45 UT. The UV images are slightly smoothed with 
a Gaussian filter of 1.5 pixel (FWHM). Same scale as the left-hand nanel Riorht.-hnnH nanpl' Tho (n 9-1 n keVi V- 
constructed from the merged 41.4 ks XRT data and is adaptively smoc 
0.6, 0.9, 1.5, 3, 6, 12, and 20 counts pixel -1 . Same scale as the optical 
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TABLE 2 

UVOT Grism Observations of 2006bp 



t Sequence Mode T s tart Exp TVcxp 

[d] [UT] [s] 

(1) (2) (3) (4) (5) (6) 

9 00030390020 UV 2006-04-18T07:30:28 2,431 2 

12 00030390023 V 2006-04-21T06: 10:22 2,688 2 

14 00030390026 UV 2006-04-23T03:10:13 3252 4 




UVM2 + 2 
UVW2 + 3 



840 850 860 870 880 

Julian Date (2453000+) 



Fig. 2.— Swift UVOT lightcurve of SN 2006bp obtained in all 
six filters. The U, UVWl, UVM2, and UVW2 lightcurves were 
shifted down vertically by 1.5, 1.5, 2, and 3 mag, respectively, to 
avoid overlap. 

tance of 14.9 Mpc) at 22.46 GHz (wavelength 1.3 cm) and 
< 0.281 mJy at 8.460 GHz (wavelength 3.5 cm); on 2006 
April 18.27 at < 0.498 mJy at 14.94 GHz (wavelength 
2.0 cm); and on 2006 April 20.16 at < 0.276 mJy at 
22.46 GHz and < 0.143 mJy at 8.460 GHz (Kelley et al. 
2006). Although only uncertain mass-loss rate estimates 
can be obtained from radio non-detections, under stan- 
dard assumptions (v w = 10 km s _1 ; v s = 10 4 km a -1 ; 
r CSM = 3-10 x 10 4 K; m = 1.0; see, e.g. Weiler et al. 
2002 and Lundqvist & Fransson 1988), the upper limit to 
the radio-determined pre-SN mass-loss rate is estimated 
to be 10~ 6 to 10~ 5 M yr- 1 . 

3. RESULTS 

3.1. Swift UVOT Optical/UV Observations 

The Swift U-band UVOT observations show that the 
SN reached its maximum brightness around day seven 
after the estimated time of explosion, faded slightly over 



Note. — (1) Days after the explosion of SN 2006bp (April 9, 
2006); (2) Swift sequence number; (3) UVOT grism mode; (4) Ex- 
posure start time in unites of UT; (5) Exposure time in units of s; 
(6) Number of individual exposures. 

An XMM-Newton European Photon Imaging Cam- 
era (EPIC) Director's Discretionary Time (DDT) obser- 
vation was performed on April 30.39 UT (PI Immler, 
obs-id 0311791401), corresponding to day 21 after the 
explosion. SAS 19 (version 7.0.0), FTOOLS 20 (version 
6.1.1), and the latest XMM-Newton calibration products 
were used to analyze the XMM-Newton data. Inspec- 
tion of the EPIC PN and MOS data for periods with a 
high particle background showed no contamination of the 
data, which resulted in clean exposure times of 21.2 ks for 
the PN and 22.9 ks for each of the two MOS instruments. 

2.5. VLA Radio Observation 

Radio observations were performed with the VLA 21 at 
three epochs (days 2, 9, and 11) with a search for radio 
emission conducted within a radius of 10" of the optical 
position (Nakano & Itagaki, 2006) using AIPS 22 . 

Upper limits (3<r) to any radio flux density were estab- 
lished at < 0.414 mJy on 2006 April 11.97 UT (spectral 
luminosity < 1.1 x 10 26 ergs -1 Hz -1 for an assumed dis- 

19 http://xmm.vilspa.esa.es/sas/ 

20 http:/ /heasarc. gsfc.nasa.gov/docs/software. html 

21 The VLA telescope of the National Radio Astronomy Obser- 
vatory is operated by Associated Universities, Inc. under a coop- 
erative agreement with the National Science Foundation 

22 http://www.aoc.nrao.edu/aips/ 
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the next few days and subsequently reached a plateau 
phase characteristic for type IIP SNe (see Fig. 2). 

At increasingly shorter wavelengths, the SN shows 
an earlier maximum and steeper rates of decline. In 
the roughly linear period 5-15 days after the explosion, 
the decay slopes are approximately 0.21, 0.25, 0.16, 
0.06, 0.02, and 0.01 mags/day in the UVW2, UVM2, 
UVW1, U, B, and V bands, respectively. 



3.2. Swift and XMM-Newton X-ray Observations 

An X-ray source is detected in the merged 41.4 ks 
Swift XRT observations obtained between days 1-12 
after the explosion at R.A. = Ilh53m56s.l, Decl. = 
+52°21'll'.'l (positional error 3'.'5), consistent with the 
optical position of the SN. The aperture-, background- 
and vignetting-corrected net count rate is (1.3 ± 0.3) x 
10~ 3 cts s^ 1 (0.2-10 keV band). Two additional X-ray 
sources are detected within the D25 diameter of the host 
galaxy, as well as an X-ray source associated with the 
nucleus of the host galaxy (see Fig. 1). The chance prob- 
ability of any of the three X-ray sources being within a 
radius of 3'.'5 at the position of SN 2006bp is estimated 
to be 1.5 x 10~ 3 . 

Adopting a thermal plasma spectrum with a tem- 
perature of kT = 10 keV (see Fransson, Lundqvist & 
Chevalier 1996 and therein) and assuming a Galactic 
foreground column density with no intrinsic absorption 
(Ah = 1.58 x 10 20 citT 2 ; Dickey & Lockman 1990) gives 
a 0.2-10 keV X-ray band unabsorbed flux and luminos- 
ity of /0.2-10 = (6.8 ± 1.6) x 10" 14 ergs cm" 2 s" 1 and 
£0.2-10 = (1-8 ± 0.4) x 10 39 ergs s _1 , respectively, for a 
distance of 14.9 Mpc (z — 0.00351, Verheijen & Sancisi 
2001; H = 71 km s _1 Mpc" 1 , Q A = 2/3, Q m = 1/3). 

The SN is not detected in merged 23.1 ks XRT data ob- 
tained between days 12-31 after the explosion. The (3c) 
upper limit to the X-ray count rate is < 8.1 x 10~ 4 cts s _1 
(0.2-10 keV), corresponding to an unabsorbed flux and 
luminosity of /0.2-10 < 4 x 10~ 14 ergs cm~ 2 s _1 and 
£0.2-10 < 1 x 10 39 ergs s _1 . 

In order to probe the evolution of the X-ray emission 
in more detail, we subdivided the data taken before day 
12 into two observations with similar exposure times of 
w 20 ks each (see Table 3). Within the errors of the 
photon statistics, no significant decline is observed over 
the first 12 days after the explosion (see Fig. 4). 

To follow the X-ray rate of decline over a longer pe- 
riod, an XMM-Newton observation was obtained on day 
21 after the explosion. The SN is detected at a 4.9<r 
level of confidence, with an EPIC PN net count rate 
of (3.0 ± 0.6) x 10~ 3 cts s- 1 (0.2-10 keV band), cor- 
responding to an unabsorbed flux and luminosity of 
/0.2-10 = (1.4±0.3) x 10~ 14 ergs cm" 2 s" 1 and Lo.2-10 = 
(3.8 ± 0.8) x 10 38 ergs s -1 . A best fit X-ray rate of de- 
cline of L x t~ n with index n = 1.2 ± 0.6 is obtained 
using the Swift XRT and XMM-Newton detections. The 
X-ray lightcurve of SN 2006bp is given in Fig. 4. Due 
to the limited photon statistics of the Swift XRT and 
XMM-Newton EPIC data, no detailed spectral fitting is 
possible. 

4. DISCUSSION 
4.1. Ultraviolet Emission 




2500 3000 3500 4000 4500 5000 
Wavelength (A) 

Fig. 3. — Swift UV grism observations of SN 2006bp obtained 
on April 18, 21, and 23, 2006, corresponding to days 9, 12, and 14 
after the explosion. 

UV emission from SNe explosions can arise from differ- 
ent physical processes. The first photon signature from 
a core-collapse SN event is thought to be associated with 
shock break-out, which should manifest itself in a burst 
of light peaking in the X-rays and the far-UV (Ensman 
& Burrows 1992; Blinnikov & Bartunov 1993; Blinnikov 
et al. 1998, 2000; Li 2006). The exact duration of this 
emission can be from hours to days, depending on the 
progenitor structure. Fast expansion of the ejecta and 
efficient radiative cooling at its 'photosphere' make this 
epoch short lived and therefore difficult to observe. At 
such early times, the object is not bright in the optical, 
and is thus usually still undetected. A SN is usually dis- 
covered when it becomes bright in the optical, but at 
this time the photosphere has cooled too much for X- 
ray emission. Observational evidence for a shock break- 
out was provided by Swift observations of the Gamma- 
Ray Burst (GRB) related to SN 2006aj (Campana et al. 
2006), although this was probably mediated by a cocoon 
of material lost by the star before it collapsed. 

UV emission has also been observed at early times (< 2 
weeks) in the photospheric phase of SN ejecta, emanat- 
ing from the progenitor envelope layers that transition 
from thick to thin over time when the ejecta are still 
very hot (e.g. Mazzali 2000). The UV emission is typi- 
cally strongest during early times (as in the spectrum of 
SN 1987A on day one; Pun et al. 1995) and fades substan- 
tially over the course of a few days (weak UV emission 
has been detected in an HST observation of SN 1993J, 
18 days after the explosion; Jeffery et al. 1994; Baron 
et al. 1994). At later times (Jjweeks), UV emission is in 
general associated with the interaction of the ejecta with 
the CSM (Fransson et al. 1987, 2002; Pun et al. 2002). 

The UV is therefore a very sensitive spectral probe of 
the fast changing conditions in the SN expanding photo- 
sphere during the earliest phases. 

The first observation of SN 2006bp shows a spectral 
energy distribution (SED) peak in the UV, rather than 
the optical (Fig. 5), which supports that the SN was de- 
tection very early. Thirty-five observations finely sample 
the lightcurve over 51 days after discovery, revealing a 
flux variation in the UV by two orders of magnitude. 
The redward shift of the SED stems from cooling of the 
photosphere. There is a direct effect in the reduction of 
the equivalent blackbody (or effective/electron) temper- 
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TABLE 3 
X-Ray Observations of 2006bp 



Day after Instrument Exposure S/N Rate / x L x 

Explosion [ks] [a] [1(T 3 ] [10- 14 ] [10 39 ] 

(1) (2) (3) (4) (5) (6) (7) 

1-5 Swift XRT 20.0 4.4 1.31 ± 0.30 6.94 ±1.58 1.84 ± 0.42 

6-12 Swift XRT 21.5 4.4 1.25 ± 0.29 6.58 ± 1.52 1.75 ±0.40 

13-31 Swift XRT 23.1 <3 < 0.81 < 4.00 < 1.06 

21 XMM EPIC PN 2L2 4J) 3.0 ± 0.6 1.4 ±0.3 0.38 ± 0.08 

Note. — (1) Days after the explosion of SN 2006bp (April 9, 2006); (2) Instrument used; (3) Exposure time in units of ks; (4) Significance 
of source detection in units of Gaussian sigma; (5) 0.2-10 keV count rate in units of cts ks - 1 ; (6) 0.2—10 keV X-ray band unabsorbed flux 
in units of 10 — 14 ergs cm~ 2 s _1 ; (7) 0.2—10 keV X-ray band luminosity in units of 10 39 ergs s _1 . 



ature (e.g. Mazzali & Chugai 1995), but the main effect 
is caused by the shift of the opacity from species of higher 
to lower ionization, as discussed in Eastman & Kirshncr 
(1989) and Dessart & Hillier (2005, 2006). 

The main physical process affecting the UV flux distri- 
bution is line blanketing (e.g. Lentz et al. 2000, Mazzali 
2000). Metal lines, especially lines of Fen and Fein, are 
very numerous in the UV, and the velocity dispersion 
in the ejecta causes these lines to act as a blanket that 
blocks the UV flux. Photons absorbed in the UV are 
re-emitted at visible wavelengths, where they can more 
easily escape (e.g. Mazzali & Lucy 1993, Mazzali 2000). 
Thus the UV flux is determined by the ionization state 
of the SN envelope as well as by its metal content. Since 
on average UV Fein lines are redder than Fen lines, the 
sudden transition from Fein to Fen when hydrogen re- 
combines in the ejecta of a type II SN shifts the region 
where line-blanketing is most effective and affects the UV 
spectrum dramatically (see Figs 1, 3, and 5 in Dessart & 
Hillier 2005). This onset of line blanketing is evident in 
the UV spectra of SN 2006bp as observed by Swift (see 
Fig. 3). The corresponding forest of overlapping lines 
gives an apparently continuous source of light blocking: 
at early times, Fein blanketing operates most strongly 
between 1500 and 2000A, while at later times, Fen blan- 
keting affects the entire UV range. Combined with this 
dominant background opacity are a few strong resonance 
lines of less abundant metals, e.g. Mgn 2800 A, which are 
only visible while metal line-blanketing is moderate. 

The SED evolution supports the current understand- 
ing of the photospheric phase of type II SNe, however, 
UV coverage will provide a more extended spectroscopic 
and photometric analysis. In particular, the unsaturated 
metal line blanketing together with the fast changing 
UV SED provides additional constraints on the temper- 
ature evolution, the ejecta ionization and composition, 
and, importantly, on reddening, that optical observa- 
tions alone do not guarantee. This will be the subject 
of a forthcoming study (Dessart in preparation). 

4.2. X-Ray Emission 

X-ray emission from young (days to weeks) SNe can be 
produced by the radioactive decay products of the ejecta, 
inverse Compton scattering of photospheric photons off 
relativistic electrons produced during the explosion, as 
well as by the interaction of the SN shock with the ambi- 
ent CSM (forward shock) and SN ejecta (reverse shock). 

While several of the emission lines characteristic of 
the radioactive decay products have been observed in 
SN 1987A (e.g., McCray 1993), the total X-ray output is 



five orders of magnitude lower (« 10 34 ergs s _1 ) than the 
observed X-ray luminosity of SN 2006bp. Therefore, no 
significant contribution of the radioactive decay products 
to the total X-ray luminosity of SN 2006bp is expected. 
Recent simulations of the expected X-ray emission from 
Compton-scattered 7-rays of the radioactive decay prod- 
ucts of the SN ejecta for SN 2005ke at early epochs (days) 
also shows the expected X-ray luminosity to be in the 
range 10 33 -10 34 ergs s" 1 (Immler et al. 2006), well be- 
low the observed X-ray luminosity of SN 2006bp. 

This leaves either inverse Compton scattering or CSM 
interaction as the likely source of the detected X-ray 
emission. 

Since type IIP SNe have a prolonged plateau period 
with high optical output associated with hydrogen re- 
combination in the progenitor envelope, inverse Comp- 
ton cooling of the relativistic electrons produced during 
the explosion by the photospheric photons might be im- 
portant. Up-scattering of the optical photons to energies 
in the X-ray range (depending on the Lorentz factor and 
effective temperature of the photospheric emission) could 
produce a detectable X-ray flux during the first few days 
after outburst. 

Chevalier, Fransson & Nymark (2006) have 
shown that the X-ray luminosity of inverse 
Compton emission takes the form « 8.8 x 

10 38 e -y ■ E- 1 ( ¥=±\ v a ( Lbol(t) ( * "| _1 

iU tr ' mm ^kcV ^ v„i J Us4 \ 10 42 ergs s-i ) \ 10 days,/ 

where e r is the fraction of the postshock energy density 
that is in relativistic electrons, 7 m ; n the minimum 
Lorentz factor of the relativistic electrons, M_ 6 the 
mass-loss rate (in units of 10~ 6 M Q yr _1 ), v w the wind 
velocity (in units of km s _1 ), w S 4 the SN shock velocity 

(in units of 10,000 km s~ ), and Lboi(i) the bolometric 
luminosity at time t after the explosion. Assuming a 
mass-loss rate of M = 2 x 10~ 6 M Q yr~ 4 (v w /10 km s _1 ) 
(see below), a shock velocity of 15,000 km s~\ and 
a bolometric luminosity of L^ \ = 10 42 ergs s~ 4 , we 
estimate a monochromatic X-ray luminosity from 
inverse Compton scattering at 1 keV (near the peak 
of the Swift XRT and XMM-Newton EPIC response) 
of L x ks e r 7 m in 4 x 10 39 ergs s _1 . The bolometric 
luminosity is justified by the modeling of SNe IIP 
lightcurves (e.g., Chicffi et al. 2003). 

Since the value for e r is expected to be in the range 
« 0.01-0.1, a Lorentz factor of j m [ n ~ 10-100 is needed 
to satisfy the condition that all of the observed X-rays are 
due to inverse Compton scattering. As the most plausi- 
ble value for the Lorentz factor for the shock velocities 
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of SNe IIP is « 1 (Chevalier, Fransson & Nymark 2006), 
inverse Compton scattering is unlikely to account for the 
observed X-ray emission of SN 2006bp, although it can- 
not be ruled out entirely. 

Alternatively, the X-ray emission might be caused by 
the interaction of the shock with the CSM, deposited by 
the progenitor's stellar wind. Of all 26 SNe detected in 
X-rays over the past three decades, the importance of 
inverse Compton scattering has only been discussed for 
the type Ic SNe 1998bw (Pian et al. 2000) and 2002ap 
(Bjornsson & Fransson 2004), while the remaining X- 
ray SNe have been discussed in the context of thermal 
emission [apart from the early emission of SN 1987A, see 
Park et al. (2006) and references therein]. 

Assuming a constant mass loss rate M and wind ve- 
locity v w from the progenitor's companion, the thermal 
X-ray luminosity of the forward shock region is L x = 
l/(7rm 2 )A(T) x (M/v w ) 2 x (v^y 1 (Immler et al. 2006), 
where m is the mean mass per particle (2.1 x 10~ 24 g 
for a H+He plasma), A(T) the cooling function of the 
heated plasma at temperature T = 1.36x 10 9 (n— 3) 2 /(n— 
2) 2 (w s /[10 4 km/s]) 2 K (Chevalier & Fransson 2003), n is 
the ejecta density parameter (in the range 7-12) and v s 
the shock velocity. Adopting an effective cooling function 
of A ff = 2.4 x 10~ 27 g ff T c - 5 ergs cm 3 s" 1 (Chevalier & 
Fransson 2003) for an optically thin thermal plasma with 
a temperature of T for the forward shock, where gg is the 
free-free Gaunt factor, and v s = 15,000 km s^ 1 , a mass- 
loss rate of M « 1 x 10~ 5 M Q yr" 1 (u w /10 km s _1 ) with 
an uncertainty of a factor of 2-3 is obtained. Assum- 
ing different plasma temperatures in the range 10 7 -10 9 
K would lead to changes in the emission measure by a 
factor of three. The X-ray luminosity from shock-heated 
plasma behind the reverse shock is assumed to be small 
compared to that of the forward shock since the expand- 
ing shell is still optically thick at such an early epoch. 
Since only high-quality X-ray spectra could give a con- 
clusive answer to the contribution of the reverse shock 
to the total X-ray luminosity, our inferred mass-loss rate 
represents an upper limit. In case absorption is small and 
the bulk of the thermal emission originates in the reverse 
shock, the value of M is reduced by a factor of up to 10 
assuming an ejecta density parameter of n = 10 (with 
a range between 7 and 12; see equation 33 in Chevalier 
1982). 

While other core-collapse SN (type Ib/c and II) pro- 
genitors can produce mass-loss rates as high as 10~ 5 to 
10~ 3 Mq yr _1 due to the high masses and strong stellar 
winds of the progenitor stars, the mass-loss rate of the 
SN 2006bp progenitor is similar to those of other type IIP 
SNe: a recent study of the thermal X-ray and radio syn- 
chrotron emission of a sample of type IIP SNe (1999em, 
1999gi, 2002hh, 2003gd, 2004dj, 2004et) gave mass-loss 
rate estimates of a few 10 -6 Mq yr _1 (Chevalier, Frans- 
son & Nymark 2006), characteristic of red supcrgiant 
progenitors, assuming stellar wind velocities for red su- 
pergiants of 10-15 km s _1 . Comparison shows that the 
SN 2006bp progenitor had a mass-loss rate similar to the 
lowest in this sample (SNe 1999gi, 2004dj) and an mass 
around « 12-15 M prior to the explosion (see Fig. 1 in 
Chevalier, Fransson & Nymark 2006) in case the X-ray 
emission was dominated by the reverse shock. 

CSM interaction gives an expected t~ x decline of the 
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Fig. 4.— X-ray lightcurve (0.2-10 keV) of SN 2006bp as observed 
with the Swift XRT and XMM-Newton EPIC instruments. The 
time is given in days after the outburst (April 9, 2006). Vertical 
error bars are statistical la errors; horizontal error bars indicate 
the periods covered by the observations (which are not contiguous). 
The Swift XRT upper limit from day 13-31 is at a 3cr level of 
confidence. 

X-ray flux, consistent with the observed rate of decline 
(t~ n with index n = 1.2 ± 0.6). Inverse Compton scat- 
tering, on the other hand, only gives a i _1 decline in 
case of Lboi(i) is constant over time (as in the UVOT V- 
band light curve). However, at early times the blue/UV 
emission, which shows a fast rate of decline, contributes 
significantly to the bolomctric luminosity, which leads to 
a faster X-ray rate of decline for Inverse Compton Scat- 
tering. Due to the large errors associated with the X-ray 
rate of decline, inverse Compton scattering cannot be 
entirely ruled out, but is a less likely scenario for the 
production of the observed X-rays. 

The distinguishing characteristic of the two emis- 
sion processes is their spectrum (power law vs thermal 
plasma). In the absence of high-quality spectra for the 
Swift XRT and XMM-Newton EPIC data, such a distinc- 
tion cannot be made since the XMM-Newton EPIC data 
are equally well fit (using Cash statistics; Cash 1979) by a 
power law (best fit photon index T = 1.6jl ' 7 ; \ 2 = 42.6, 
d.o.f. = 52), a thermal plasma spectrum (best fit tem- 
perature kT = 1.7-27 keV, consistent with our spectral 
assumptions to infer fluxes; \ 2 — 42.3, d.o.f. = 52) and a 
thermal bremsstrahlung spectrum (best fit temperature 
kT = 1.0-179 keV; X 2 = 41.4, d.o.f. = 52). 

5. SUMMARY 

Starting at an age of « 1 day after the outburst, our 
Swift observations of SN 2006bp represent the earliest 
X-ray observation and detection of a SN to date, apart 
from two explosions which were accompanied by a 7-ray 
signal (as in the case of SN 1998bw/GRB 980425, which 
BcppoSAX started observing 12 hrs after the outburst 
[Pian et al. 2000] and SN 2006aj/GRB 060218, for which 
prompt X-ray emission was detected [Campana et al. 
2006]). SN 2006bp faded below the Swift XRT sensitiv- 
ity limit within less than two weeks and a more sensitive 
XMM-Newton observation recovered the SN three weeks 
after its explosion. Broad-band SEDs and in particular 
UV spectra of SNe show the importance and give in- 
sights into line blanketing during the early phase in the 
evolution. 
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should be pointed out that the response time of all pre- 
vious X-ray observations of SNe (with missions such as 
Einstein, ASCA, ROSAT, Chandra, and XMM-Newton) 
were in the range between > 4 days (SN 2002ap) and 
a few weeks. The bulk of all X-ray observations took 
place weeks to months after the explosions. Therefore, 
if SN 2006bp is more typical for a larger sample of core- 
collapse SNe, then the early production of X-rays would 
have been missed in each of the previous cases. The re- 
sponse time of our ongoing Swift observing program to 
study the prompt emission of SNe across the optical, UV, 
and X-rays is currently only limited by the time lag be- 
tween the explosion of a SN and its discovery at optical 
wavelengths and timely alert by the community. 



Fig. 5. — Evolution of the spectral energy distribution (SED) 
of SN 2006bp in the optical/UV wavelength band. The SED was 
produced from near-simultaneous UVOT observations in all six 
filters obtained between days 1 and 26 after the explosion (from 
top to bottom). 

Currently, Swift is the only telescope capable of reveal- 
ing the fast changes in the UV flux from SN explosions, 
offering sensitive constraints on the ionization state in 
the continuum and line formation region of the ejecta, 
the sources of metal line-blanketing. By extending the 
spectral coverage, this provides stronger constraints on 
the reddening, and complementary information, to what 
can be deduced from optical observations alone. While 
there is ample evidence for diversity in type II SN opti- 
cal spectra, Swift observations can be used to address the 
existence of a corresponding diversity in the UV range. 

The detection of SN 2006bp in X-rays at such an early 
epoch, as well as the detection of its fast optical/UV 
spectral evolution was made possible by the quick re- 
sponse of the Swift satellite, and underlines the need for 
rapid observations of SNe in the UV and in X-rays. It 
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